Chloro-alkanes (C10-13), also called short chain chlorinated paraffins, are a complex mixture of closely related hydrocarbons with 10-13 carbon atoms arranged in chains and containing 50-70% chlorine by weight. Dichlorobutane is a chloroalkane with the molecular formula C~4~H~8~Cl~2~, which is obtained by common chloroalkane synthetic methods. Dichlorobutane isomers are further utilized in various industrial and laboratory organic syntheses. Notably, 1,4-dichlorobutane (1,4-DCB) can be used as a precursor for nylon 6,6 or to produce tetrahydrofuran. 1,4-DCB is a colorless stable liquid with a mild pleasant odor. In addition, it is flammable and incompatible with strong bases and strong oxidizing agents. This chemical reacts vigorously with oxidizing materials \[[@B1]\].

1,4-DCB is one of the high production volume chemicals with an annual production volumes \>1 thousand metric tonnes (2.2 million pounds) in more than one economically developed country. The circulating amount of 1,4-DCB in Korea was 181,487 tonnes in 2007. As industrial workers may be exposed to 1,4-DCB at a high concentration during manufacture, it is important that the potential human health risks are assessed and that occupational exposures are managed accordingly. According to a single dose toxicity study, the oral LD~50~ value for rats is 3,420 mg/kg. It was reported that 1,4-DCP does not induce micronuclei in bone marrow cells of ICR mice \[[@B1]\]. However, no information is available on the potential subacute toxicity of 1,4-DCB after repeated oral exposure despite its widespread uses and exposure. Moreover, 1,4-DCB is not listed by AGGIH (American Conference of Industrial Hygienists), IARC (International Agency for Research on Cancer), and NTP (National Toxicology Program).

In the present study, we report the results of a 4-week repeated oral dose toxicity study in rats performed as part of a safety evaluation program for 1,4-DCB. Although the most likely route of exposure is inhalation, the oral route of exposure was selected for this study because there was a possibility of oral exposure, and oral dosing is more accurate to estimate the amount of test chemical ingested by an organism.

Materials and Methods
=====================

Animal husbandry and maintenance
--------------------------------

Twenty-four male Sprague-Dawley rats aged 4 weeks were purchased from Orient Bio (Seoul, Korea) and were used after a 1 week quarantine and acclimatization period. Two animals per cage were housed in a room maintained at a temperature of 23±3℃ and a relative humidity of 50±10% with artificial lighting from 08:00 to 20:00 and with 13 to 18 air changes per hour. The animals were provided tap water sterilized by ultraviolet irradiation and commercial rodent chow (PMI Nutritional International Inc., Richmond, IN, USA) *ad libitum*. This experiment was conducted in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care International, and all procedures were approved by the Institutional Animal Care and Use Committee, Korea Institute of Toxicology.

Test chemical and exposure
--------------------------

1,4-DCB was purchased from Sigma-Aldrich (St. Louis, MO, USA). The test chemical was dissolved in corn oil (Sigma-Aldrich) and dosing solutions were prepared daily before treatment. The daily application volume (4mL/kg body weight) of 1,4-DCB was calculated in advance based on the most recently recorded body weight of each individual animal. The test mixture was administered by gavage to male rats for 4 weeks. Vehicle control rats received an equivalent volume of corn oil alone.

Experimental groups and dose selection
--------------------------------------

Healthy male rats were assigned randomly to four experimental groups (*n*=6 per group): three treatment groups receiving 100, 300, and 1,000 mg/kg/day 1,4-DCB and a vehicle control group. Because the toxic potency of 1,4-DCB was expected to be low, a dose of 1,000mg/kg/day was selected as the standard toxicological limit dose that is recommended by OECD test guidelines. Doses of 300 and 100 mg/kg/day were selected as medium and low doses, respectively. In addition, a vehicle control group was added to determine the effects of the vehicle.

Clinical observation and mortality
----------------------------------

All animals were observed twice daily (before and after exposure) throughout the study period for any clinical signs of toxicity and mortality.

Body weights
------------

The body weight of each rat was measured at the beginning of exposure and once per week during exposure.

Hematology
----------

The animals were fasted overnight before necropsy and blood collection. Blood samples were drawn from the posterior vena cava using a syringe with a 24-gauge needle under sodium isoflurane anesthesia. Blood samples were collected into CBC bottles containing EDTA-2K (Green Cross Medical Industry, Seoul, Korea), and analyzed within 20 minutes using an automatic hematology analyzer (Bayer ADVIA 120 Hematology Analyzer System, Leverkusen, Germany). The following parameters were determined: red blood cell count (RBC), hemoglobin concentration (HB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), reticulocytes (RET), platelet count (PLT), mean platelet volume (MPV), white blood cell count (WBC), and differential WBC count.

Serum biochemistry
------------------

Blood samples were centrifuged at 3,000 rpm for 10 minutes within 1 hour after collection. The sera were stored at -80℃ prior to analysis. The following serum biochemistry parameters were evaluated using an autoanalyzer (Toshiba 200FR NEO, Toshiba Co., Tokyo, Japan): aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN), creatinine (CRTN), glucose, total cholesterol (T-CHO), total bilirubin (T-BIL), total protein (TP), albumin (ALB), creatine phosphokinase (CPK), triglycerides (TG), calcium, inorganic phosphorus (IP), phospholipid (PL), and gamma glutamyl transferase (GGT).

Gross findings
--------------

All surviving animals were anesthetized with isoflurane to collect blood samples at the end of the experiment. The rats were sacrificed by exsanguination from the abdominal aorta. Complete gross postmortem examinations were performed on all terminated animals.

Organ weights
-------------

Absolute and relative (organ-to-body weight ratios) weights of the following organs were measured: brain, liver, spleen, heart, seminal vesicles, prostate, kidneys, adrenal gland, testes, and epididymides.

Statistical analysis
--------------------

Data are expressed as mean±standard deviation. Variance in the numerical data was checked by Bartlett\'s test \[[@B2]\]. If the variance was homogeneous, the data were subjected to one-way analysis of variance (ANOVA) and, if not, they were analyzed by the Kruskal-Wallis non-parametric ANOVA \[[@B3]\]. If either of the tests showed a significant difference among the groups, the data were analyzed by Dunnett\'s post-hoc test \[[@B4]\]. Clinical signs and necropsy were represented as frequencies and were subjected to the Fisher\'s exact probability test \[[@B5]\] when necessary. The statistical analysis was performed by comparing the treatment groups with the control group using the Path/Tox System (version 4.2.2; Xybion Medical Systems Co., Cedar Knolls, NJ, USA) and SAS software version 9.1 (SAS Institute, Cary, NC, USA). Significant probability values are represented as *P*\<0.05 (\*) and *P*\<0.01 (\*\*).

Results
=======

Clinical signs and mortality
----------------------------

There were no treatment-related mortalities in any of the animals treated with 1,4-DCB during the study period ([Table 1](#T1){ref-type="table"}). However, treatment-related clinical signs, including salivation, decreased locomotor activity, loss of fur, abnormal fur, and closed eyes were observed at a high incidence in the 1,000 mg/kg/day group. Post-dosing salivation was also observed in the 100 and 300 mg/kg/day groups at a high incidence.

Body weight changes
-------------------

As shown in [Table 2](#T2){ref-type="table"}, the body weight of male rats was significantly suppressed in the 1,000 mg/kg/day group on days 4, 8, 11, and 15 when compared with that in the control group.

Hematology
----------

No significant differences between the treatment groups and controls were observed for any of the hematological parameter examined ([Table 3](#T3){ref-type="table"}).

Serum biochemistry
------------------

As presented in [Table 4](#T4){ref-type="table"}, a significant increase in AST level was observed in the 100 mg/kg/day group in comparison with that in the control group ([Table 4](#T4){ref-type="table"}). The 1,000 mg/kg/day group exhibited a significant increase in ALT, ALP, T-CHO, T-BIL, ALB, PL, BUN, and GGT levels when compared with those in the control group.

Gross findings
--------------

At the scheduled necropsy, no treatment-related gross findings were observed in any of the treated animals at necropsy (data not shown).

Organ weights
-------------

The absolute and relative organ weights of the rats are shown in [Table 5](#T5){ref-type="table"}. A significant increase in the relative weights of liver and kidneys were observed in the 100 mg/kg/day group compared with those in the control group. A significant increase in the absolute and relative weights of the liver and relative weight of the kidneys was observed in the 300 mg/kg/day group compared with those in the control group. In the 1,000 mg/kg/day group, the absolute and relative weights of the liver and the relative weights of the heart and kidneys were significantly increased, whereas the absolute weight of seminal vesicles was significantly increased when compared with those in the control group.

Discussion
==========

The present study investigated the potential subacute toxicity of 1,4-DCB by a 4-week repeated oral administration to Sprague-Dawley rats at dose levels of 0, 100, 300, and 1,000 mg/kg/day. The results of this study showed that daily oral administration of 1,4-DCB for 4 weeks at 1,000 mg/kg/day caused some changes in clinical signs, body weight, serum biochemical parameters, and organ weights in rats.

Treatment-related clinical signs were observed in the 1,000 mg/kg/day group, as evidenced by dose-dependent increases in the incidence and severity of salivation, decreased locomotor activity, loss of fur, abnormal fur, and closed eyes. An increase in the incidence of post-dosing salivation was observed in the low and middle-dose groups, indicating that it was also caused by the administration of 1,4-DCB as it was not observed before treatment and was observed only immediately after treatment. This finding may be attributed to oral mucosa and gastrointestinal irritation effects of 1,4-DCB because this chemical acts as a skin, eye, and respiratory system irritant \[[@B1]\]. It is well known that salivation is often observed in gavage studies and may be a reaction to the taste or irritation of the test article rather than an indication of toxicity \[[@B6],[@B7]\]. Therefore, it was considered that the transient salivation observed in this study was of doubtful toxicological significance, since no related changes were observed in the low and middle-dose groups.

The significant suppression in body weight gain observed in the 1,000 mg/kg/day group was considered to be related to the 1,4-DCB treatment, as an increased incidence and severity of clinical signs was observed in the group during the study period. This was a clear indication of the general toxicity induced by 1,4-DCB treatment. Although the difference was not statistically significant in comparison with the controls during the last 10 days, the suppression of body weight gain in the high dose group was consistently observed until the end of the experiment period.

1,4-DCB, at doses up to 1,000 mg/kg, did not cause any hematological abnormalities in the animals tested. It has been also reported that 1,4-DCB at a dose of 2,000 mg/kg does not induce micronuclei in bone marrow cells of ICR mice \[[@B1]\]. In contrast, a 4-week repeated oral administration of 1,4-DCB at 1,000 mg/kg/day resulted in treatment-related abnormalities in serum biochemical parameters. Serum aminotransferase activity is one of the most frequently relied upon laboratory indicators of hepatotoxic effects \[[@B8],[@B9]\]. Injury to hepatocytes alters their transport function and membrane permeability, leading to leakage of enzymes from the cells \[[@B10]\]. Therefore, the marked release of ALT into circulation indicates severe damage to hepatic tissue membranes. Serum ALP and GGT activity is a reliable maker of hepatobiliary injury and cholestasis \[[@B11]-[@B13]\], and elevated levels of these enzymes may affect T-CHO and T-BIL levels. The serum biochemical changes observed in the 1,000 mg/kg/day group, including a significant increase in serum ALT, ALP, T-CHO, T-BIL, PL, BUN, and GGT values were considered to be treatment-related effects because these findings exhibited a clear-cut dose-response relationship, and the findings were consistent with the increased kidney and liver weights in the group. In contrast, the significant increase in AST observed in the 100 mg/kg/day group was not considered to be treatment related. This is because the changes did not exhibit a dose-response relationship and were within the limits of normal biological variations \[[@B14]-[@B16]\].

It is well known that the changes in organ weights are a sensitive indicator of the detection of potentially toxic chemicals \[[@B17]\]. The dose-dependent increases in relative organ weights with increasing dosage indicate that the relative weights of the organs were closely related to the 1,4-DCB treatment. Of the organ weight changes observed in this study, the increased weights of the liver and kidneys in the 1,000 mg/kg/day group were of toxicological significance because these changes were remarkable and were accompanied by serum biochemical alterations, suggesting that the liver and kidneys are major targets of 1,4-DCB in rats. However, the increased relative heart weight and decreased absolute weight of the seminal vesicles observed in the 1,000 mg/kg/day group were not considered toxicologically significant because they were considered a result of a reduction in body weight and did not show a dose-response relationship. The significant increase in liver and kidney weights in the 100 and 300 mg/kg/day groups were also of doubtful toxicological significance, as these changes were unaccompanied by correlated serum biochemical changes.

In conclusion, the 4-week repeated oral administration of 1,4-DCB to rats resulted in a decrease in body weight gain and increases in ALT, ALP, T-CHO, T-BIL, PL, BUN, GGT levels, kidney and liver weights at 1,000 mg/kg/day. The target organs of 1,4-DCB were determined to be liver and kidney in rats. The no-observed-adverse-effect level was considered to be 300 mg/kg/day in rats. Information on the potential subacute toxicity of 1,4-DCB after repeated oral exposure is still not available. Therefore, the present results are expected to provide information on the general toxic effects and target organ toxicity of 1,4-DCB via repeated oral exposure to aid in the risk assessment process.
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Clinical signs of male rats treated with 1,4-dichlorobutane for 4 weeks
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^a^A single rat may be represented more than once in the listing of individual signs.
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Body weight changes in male rats treated with 1,4-dichlorobutane for 4 weeks
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^a^Values are presented as mean±SD.

^\*^Indicates significant difference at *P*\<0.05 level when compared with the control group.

^\*\*^Indicates significant difference at *P*\<0.01 level when compared with the control group.
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Hematological values in male rats treated with 1,4-dichlorobutane for 4 weeks
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^a^Values are presented as mean±SD.

RBC, red blood cells; HB, hemoglobin, HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RET, reticulocyte; PLT, platelets; WBC, white blood cells, NEU, neutrophils; LYM, lymphocytes; MON, monocytes; EOS, eosinophils; BAS, basophils; and LUC, large unstained cells.
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Serum biochemical values in male rats treated with 1,4-dichlorobutane for 4 weeks
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^a^Values are presented as mean±SD.

^\*^Indicates significant difference at *P*\<0.05 level when compared with the control group.

^\*\*^Indicates significant difference at *P*\<0.01 level when compared with the control group.

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; BUN, blood urea nitrogen; CRTN, creatinine; GLU, glucose; T-CHO, total cholesterol; T-BIL, total bilirubin; TP, total protein; ALB, albumin; CPK, creatine phosphokinase; TG, triglycerides; Ca, calcium; IP, inorganic phosphate; PL, phospholipid; and GGT, gamma glutamyl transferase.

###### 

Absolute and relative organ weights in male rats treated with 1,4-dichlorobutane for 4 weeks
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^a^Values are presented as mean±SD.

^\*^Indicates significant difference at *P*\<0.05 level when compared with the control group.

^\*\*^Indicates significant difference at *P*\<0.01 level when compared with the control group

[^1]: ^\#^These authors contributed equally to this work.
